T IS A COMMON
clinical observation that in I agranulocytosis and related conditions the white blood cell level cannot be increased-or only slightly and fleetingly-by transfusion of large volumes of normal blood (1-3). Disappearance of infused white blood cells in the recipient was observed during exsanguination-transfusions in humans (4) , in leukopenic cats (5) and eviscerated rabbits (6) . Leucemic white blood cells rapidly disappeared after being infused into non-leukemic individuals or patients with a different type of leukemia (7-g). In cardiac catheterization studies in humans Bierman and associates (9, IO) found that most infused leucocytes disappeared in the pulmonary circulation. These same authors (IO, II) reported that the white cell filtering mechanism may be impaired in leukemic patients. Transfused stained (12) (13) (14) or P32-labeled (q-18) white blood cells were found to be rapidly deposited (in order of decreasing quantities) in the lungs, liver and spleen. In contrast to these findings Farr (19) reported that the bone marrow and lymphoid tissue were the main sites of removal of intravenously injected lymphocytes labeled with a fluorescent stain. Weidman and Bucher (20) and Braunsteiner, Giebisch, Kolder and Werner (21) perfused the lungs of rabbits and guinea pigs through the pulmonary artery with homologous and heterologous blood after washing out the residual blood with Ringer's solution. They found a decreased white cell count after a single passage through the lungs. Weisberger, Guyton, Heinle and Storaasli (16) discussed the possibility that the mechanism which removes white cells from con-centrated cell suspensions may not be identical with that operating in more dilute suspensions. Moreover, data obtained with altered white blood cells or lungs may not be directly applicable to the problem of physiological white cell removal.
The experiments to be reported here have been undertaken to study the white blood cell filtering mechanism of the lungs and to investigate the possible physiological role of this mechanism in maintaining normal white blood cell level in the blood. These studies were divided into the following categories: a> Starling heart-lung preparations b) crosscirculation experiments c) long range and d) short range cardiac catheterization experiments e) single blood sample studies. (22) under fl uoroscopic guidance. Polyethylene catheters with mercury tips, prepared as described by Stroud et al. (22) were used in the right heart and pulmonary artery; Cournand cardiac catheters No. 7F to 1oF2 were used in the left heart and pulmonary vein. Before use, the catheters were calibrated for internal volume and filled with physiological saline containing 0.1 mg/ml heparin.
In all experiments, heparin sodium3 was used containing IOO The perfusion apparatus-diagrammatically shown in figure r-was designed to offer the least possible opportunity for adherence of white blood cells. Cannulas were prepared from polyethylene tubing. Polyethylene tubing was used throughout the perfusion apparatus, except for the joints, where silicone-coated rubber pressure tubing was used. In the joints, the polyethylene or glass parts were touching each other, except for the sections approximately I cm long immediately preceding the cannulas Al, Ag; these served for obtaining blood samples by puncturing the rubber tubing. All glass parts were silicone coated. The cannula leading from brachiocephalic or subclavian artery was followed by a T tube (B), the vertical branch of which led into an air dome (C). One milliliter of a 0.1 mg/ml heparin solution was introduced into the dome to prevent clotting of the blood flowing out from the preparation before being mixed with the infused blood. Through the horizontal branch of the T tube the blood flowed directly into one of the reservoir bottles (01 or 02) which were about 40 cm above the level of the animal's heart. No special resistance was necessary in this system. In the preliminary experiments, several types of resistances were found to trap white cells. 
RESULTS
Fate of White Blood Cells in Starling HeartLung Preparations.
White blood cells from heparinized dog blood rapidly disappeared in the heart-lung preparation until a certain level was reached. This level was then maintained (in one experiment for 5 hours); introduction of new blood resulted in filtration to the same level. The level appears to be independent of the original white cell count of the blood; it was the same for the same heartlung preparation whether the blood originated from a donor dog or from the dog from which the preparation was made ( fig. 2) figure 4 , when blood was passed a second time through the preparation no appreciable filtration occurred. This suggests that it is not the introduction of a new blood sample, but the leucocyte count of the blood which is responsible for the filtration; if the count corresponds to the level maintained by the preparation, no further changes occur. Within the useful life of a heart-lung preparation it was impossible to exhaust the filtering ability of the lungs. Introduction of fresh blood every 10-30 minutes over a period of 3 hours resulted in unaltered filtration each time fresh blood was introduced. Figure 5 demonstrates that the fall of the total leucocyte count in the heart-lung preparation is mainly due to a fall of granulocytes, a graduated cylinder instead of the reservoir) remained reasonably constant.
It appeared to be of interest to study whether or not this extensive filtration of leucocytes is an artifact brought about by injuring the white blood cells, thus rendering them more susceptible to removal. Weisberger, Heinle and Hannah (29) described an extract that may be obtained from disintegrated leucocytes which causes leucopenia in rabbits. Samples of pooled dog blood were divided into three fractions. No. I was kept in siliconed bottle at 37OC before being introduced into the preparation. No. 2 was vibrated on a vibrator platform for 5 hours at room temperature. No. 3 was centrifuged at 1900 rpm for 30 minutes, resuspended and kept at room temperature for 53 hours before being introduced into the preparation. No essential difference was evidenced in the rate of filtration or the level obtained ( fig. 6 ).
To investigate whether the filtration of leucocytes is connected with phagocytic activity of reticula-endothelial elements, Thorotrast4, a powerful inhibitor of the latter func- 4 We are greatly indebted to the Heyden Co., N. Y., for generously supplying Thorotrast.
tion (30, 31) was injected intravenously in a dose of 6 ml/kg to six dogs. The heart-lung preparation was made on two occasions 24 hours after the injection, on two occasions 6 hours, and on two occasions 12 hours afterwards. No evident differences were observed between the filtering ability of these and nontreated lungs. By introducing leucocyte-poor blood into the preparation, a gradual release of white blood cells was evidenced ( fig. 7) . During the release, arterial counts were higher than the venous counts until the original level was PROT. NO. 88. 89. 90 . DOG HEART -LUNG PREPARATION wbc-count/mm3 -= wbc-count/mm3 in arterial blood :ew heparinized 7 horse blood -= wbc-count/mm3 in venous blood reached. In contrast to the leucocyte filtering was apparent, nucleated erythrocytes could mechanism, the releasing activity could easily also be seen despite several switches to new be exhausted by introducing several samples reservoir bloods. In two experiments P32-of new white cell-poor blood. Each time this labeled red blood cells were introduced into was done a lower level was obtained (fig. the heart-lung preparation. Horse red cell
In some release experiments, a few suspensions were incubated with P32 at 37OC milliliters of heparinized chicken blood were for 2 hours: the cells were subsequently washed introduced into the reservoir. resuspended that the leucocyte releasing activity of the lungs as observed in heart-lung preparations is at least partly based on the mixing of the introduced white cell free blood with residual blood in the preparation.
Cross Circulation Experiments.
Heart-lung preparations were supplied with blood originating from both femoral arteries or veins of donor dogs. The arterial blood from the preparations was reintroduced into the carotid artery of the donor dog. If the donor blood had a sufficiently high leucocyte count, filtration occurred as in the previous experiments ( fig. 8) . If the donor blood was close in leucocyte count to the level of the preparation, no filtration occurred ( fig. 9 ). Since no anticoagulant was used in these experiments, it seems to be unlikely that filtration of leucocytes was caused by the presence of heparin in the preparations of the previous series. Moreover this type of experiment excluded possible injury to leucocytes due to handling, storing, etc.
Long range cardiac catheterization studies were performed on anesthetized dogs in an attempt to approach the question of the physiological significance of leucocyte removal by the lungs in animals with intact hematopoietic system. Unfortunately, the presence of catheters in the heart or pulmonary vessels for a longer time caused greater fluctuations in PROT the white cell counts than usually encountered in dogs. For the most part, a decrease of leucocyte level occurred, this being due mainly to a decrease in granulocytes ( fig. 2D )t Of ten leucocytosis followed the leucopenic phase (figs. IO, I I). Initially, venous counts were somewhat higher than arterial ones, probably indicating physiological filtration by the lungs. During the development of leucopenia venous counts were mostly higher than arterial ones. During the development of leucocytosis this process was reversed. Nevertheless, in some instances it seemed to be clear that leucocytosis was mainly of extrapulmonal origin. No explanation can be offered at present for these phenomena. It made no difference whether leucopenia or leucocytosis was developing in vivo; heart-lung preparations from these dogs rapidly filtered leucocytes from their own or donor blood, until the level characteristic for the preparation was reached ( fig. I I, fig. 30 ').
Short Range Cardiac Catheterization Studies. Since the chronic presence of cardiac catheters in the cardio-pulmonary system appeared to induce changes in leucocyte levels, experiments were designed to obtain a larger number of counts within a maximum of 25 minutes. In order to avoid irritation to cardiopulmonary structures as far as possible and to reduce the time required to complete the operation, a polyethylene catheter was placed into the right ventricle, while blood which passed through the lungs was obtained through a cannula in the carotid artery. It appears from these data that the total leucocyte count is higher in blood entering the lungs than in blood leaving the lungs.
In only six dogs were there taken five or more differential counts. These data are summarized in table 3. The difference in total leucocyte count (7') between the right auricle and carotid artery in these dogs is significant, but to a lesser extent than in the data presented before. This is probably due to the smaller number of dogs used. The difference in polymorphonuclear neu trophiles (P) appears to be significant although the significance does not quite reach the 5 % level. In none of the other cell types were there observed significant differences. ARTERIES between (T) and (P). The significance of the reduction is measured as the F ratio of the mean square for reduction to the mean square for residuals. This ratio is highly significant, (P < 0.001) indicating a strong correlation or dependence of (P) upon (7'). Thus it appears that the magnitude of the difference in polymorphonuclear neutrophile count is directly proportional to the magnitude of the difference in total white blood cell count, when measured in the same dog.
Single Simultaneous Blood Sample Studies.
In order to further decrease the effect of the presence of cardiac catheters upon white blood cell levels, the following experiments were designed. In any experiment the maximal time from anesthetizing the animal to obtaining the last samples was not more than 20 minutes. The maximal time from the first incision or other manipulation to obtaining the sample was 4 minutes. In most dogs only one pair of data were obtained, in some a few pairs from different locations. In some instances samples Table 4 shows the analysis of covariance for the differences in (T) and (P). The portion of the analysis designated 'residuals' is in effect an analysis of the differences in (P) adjusted for the differences in (T). This is best brought out by considering the reduction in variation within dogs when allowance is made for the effect of (7') as in table 5. The total sum of squares represents the variance within dogs for (P) without any adjustment for (27 were obtained by direct puncture rather than by catheterization. No anticoagulants were used. All samples where minute clots were found in the hemocytometer have been eliminated. Some of the dogs in this series were subsequently used in isolated organ studies. The detailed data are deposited with the American Documentation Institute; a summary and statistical analysis is given in table 6. Values from the first pair of data obtained in the 13 dogs of the previous series are included in the last row (right auricle-carotid artery). When all samples obtained from these 13 dogs were taken in consideration, the differences were found to be significant, as discussed above. Yet, regarding the first samples only, the differences were not significant. Analysis of variance considering the magnitude of differences revealed that only the differences between the vena cava superior and aorta and between the right auricle and left auricle were significant. On the other hand according to the 'sign' test, which only considers the direction of the difference, significant differences were found between the right auricle and the aorta, no significant differences were found between the right auricle and carotid artery, while all other differences were inconclusive. If the values of all the samples obtained from locations leading blood into the lungs are pooled and compared with the pooled values of samples from locations receiving blood from the lungs, the differences are significant. This is true whether the first samples of the 13 dogs mentioned above (which are in themselves insignificant) are included or not. Thus it appears that if sufficient number of paired data are considered a significant difference is present in the leucocyte count of the blood entering the lungs and leaving the lungs.
DISCUSSION
Heart-lung preparations of dogs removed leucocytes from the blood circulating through them. This removal does not appear to depend primarily on the degree of injury to the white cells during preparation. Removal cannot be inhibited by Thorotrast, an agent which inhibits phagocytic activity of cells of the reticula-endothelial system.
Anoxia is known to increase viscosity of blood and thus may promote the margination of leucocytes. All experiments in which partial anoxia could be suspected were eliminated. Copley (32) and Dameshek and Miller (33) demonstrated that heparin may cause platelet and leucocyte thrombi in the cheek pouch of hamsters. Essex and Grana (34) obtained similar results using the ear chamber technique. Fleck (35) observed leucocyte agglutination in wivo following heparin injections. Lutz, Fulton and Akers (36) found increased adherence of thrombocytes and leucocytes to the endothelium in hamsters after heparinization, S. aurezu infection and in advanced neoplasia. Heparin was used in most of our experiments, but since similar results were obtained with defibrinated blood and in cross transfusion experiments where no anticoagulants were used, this appears not to be the major factor in the above phenomenon. There was no attempt to use sterile technique, however the relatively short periods of time involved suggests that infection did not play a major role. Several authors demonstrated the presence of blood groups in dogs (37-40). Cross matching was done only in some of our experiments, always with negative results. Moreover since the isoagglutinin titers are usually insignificant, the agglutination of white blood cells is generally questionable (41) and since no exception has been seen to the filtering activity of the lungs, blood group dzerences do not seem likely to be responsible for the removal of white blood cells. The maintenance of the leucocyte level of blood in heart-lung preparations goes about with small fluctuations of alternate release and filtration as evidenced by alternating arterio-venous and veno-arterial differences about the base line ( fig. 4) . This reminds one of homeostatic mechanisms of the body. Yet the role of experimental errors must also be considered. This alone does not seem to be responsible for the above findings because in serial observations in the phase of maintenance an increase of the venous count is usually accompanied by a decrease in arterial count and vice versa.
The release of white cells from the heart-lung preparation following the introduction of white-cell poor blood appears to be at least partly due to mixing with residual blood. It is possible that a balance exists between circulating and marginated leucocytes. If the former decreases, more cells are detached from the endothelium. The release phenomenon seems to be a small, easily exhaustable process, certainly not an important factor in the homeostatic mechanism of maintaining normal white blood cell levels. Filtration by the lungs, on the other hand, may play a role in the regulation of leucocyte levels. The fate of removed white blood cells is under invests gation at the present time.
Cardiac and pulmonary catheterization experiments indicate that removal of leucocytes, particularly polymorphonuclear neutrophiles, may be a physiological function of the lungs. In long range catheterization experiments the data were somewhat obscured by changes in leucocyte level presumably due to the presence of the catheters. In short range catheterization experiments as well as single sampling studies these differences could be more clearly demonstrated. Halonen and Kyllonen (42) reviewed the literature on white blood cell counts in blood samples obtained from various locations in rodents. According to most references quoted, higher leucocyte counts were found in samples obtained from the periphery (tail vein, marginal ear vein, etc.) than in blood obtained by cardiac puncexposed to the white blood cell filtering acture. In their own experiments these authors found higher total white blood cell counts in the right ventricle than in the left ventricle of IO rats after a blow on the head and IO rats, 5 rabbits and 2 cats anesthetized with various drugs.
In heart-lung preparations removal of white blood cells is evident from inspecting the data. Results obtained in in vivo catheterization experiments required statistical evaluation. In lungs in which only a small degree of filtration was evidenced during cardiac catheterization in v&o, dramatic removal of leucocytes occurred after making a heart-lung preparation from the same. It must be considered that in the heart-lung preparation the same blood was continuously recirculated and tivity of the lungs. In viva, new leucocytes are constantly produced by the hemopoietic system. Nevertheless other factors must be involved also since in simultaneous arteriovenous samples mostly larger initial differences were found in the heart-lung preparation than in vivo. It is not likely that injury to the leucocytes in the heart-lung preparation would account for this phenomenon, since no difference could be observed between blood samples exposed to various degrees of injury to the leucocytes. Moreover similar filtration occurred in cross transfusion experiments, where a minimum handling of the donor blood was required.
In vivo as well as in heart-lung preparations the polymorphonuclear neutrophiles were Because of the smaller number of eosinophiles in the hemocytometer or smear, the larger source of error in counting them must also be considered.
SUMMARY
White blood cells are rapidly removed from heparinized dog blood circulating in heartlung preparations of dogs until a certain level is reached. This level is then maintained.
The level appears to be independent of the leucocyte count of the infused blood. It is not possible to exhaust the filtering ability of the lungs during the useful life of the preparation. Similar results are obtained with defibrinated dog blood and heparinized or defibrinated horse or cattle blood. Similar disappearance of leucocytes is observed in cross transfusion of intact donor dogs with heart-lung preparations, without the use of anticoagulants. The fall of white blood cell counts is mainly due to disappearance of granulocytes. After introducing white cell-poor blood, release of leucocytes occurs from the lungs. This was found to be at least partly due to mixing with residual blood. Thorotrast, a powerful inhibitor of the phagocytic activity of the reticula-endothelial system, does not impair filtering ability of the lungs. Differences are found in long range cardiac catheterization experiments in in vivo between leucocyte levels of blood before and after passage through the lungs. The chronic presence of the catheters appears to induce fluctuations in the white blood cell level. In short range cardiac catheterization experiments significant differences are evidenced in the total leucocyte count as well as the polymorphonuclear neutrophile count between the blood entering and that leaving the lungs. Regarding other cell types no significant differences are observed. Correlation could be established between the decrease in total leucocyte count and polymorphonuclear neu trophile count. Single simultaneous blood samples rapidly obtained from various locations revealed a small difference in white cell counts of the blood before and after passage through the lungs. The possible role of the lungs in regulating normal white blood cell levels is discussed. 
